
Characterization of ceramic hydrogen separation membranes with
varying nickel concentrations

R.V. Siriwardane a,), J.A. Poston Jr. a, E.P. Fisher a, T.H. Lee b, S.E. Dorris b,
U. Balachandran b

a U.S. Department of Energy, National Energy Technology Laboratory, 3610 Collins Ferry Road, Morgantown, WV 26507-0880, USA
b Energy Technology DiÕision, Argonne National Laboratory, Argonne, IL 60439, USA

Abstract

Ceramic hydrogen separation membranes in the stoichiometric form BaCe Y O , doped with various concentrations of0.8 0.2 3
Ž . Ž .nickel, were characterized by utilizing X-ray photoelectron spectroscopy XPS , scanning electron microscopy SEM ,

Ž . Ž .energy dispersive spectroscopy EDS , and atomic-force microscopy AFM . Characterization was performed at room
temperature, 5508C and 6508C, and after exposure to hydrogen. Migration of nickel to the surface and changes in both
elemental composition and oxidation states were observed at elevated temperatures. The concentration of nickel significantly
affects surface morphology and roughness. q 2000 Published by Elsevier Science B.V.

PACS: 82.65.F; 79.60; 61.16.C; 61.16.B
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1. Introduction

The gas stream produced during coal gasification
is a significant source of hydrogen that can be
utilized either in generation of clean power or as a
primary chemical feed stock. Potentially, high-tem-
perature inorganic membranes can be used to sepa-
rate hydrogen from coal gasification gas streams.

Thin, dense ceramic membranes fabricated from
mixed electronic and protonic conductors may pro-
vide a simple, efficient means to separate hydrogen
from gas streams. Researchers at Argonne National

Ž . w xLaboratory ANL 1 are developing dense, mixed-
conducting ceramic membranes to separate hydrogen

Žfrom various gas streams at 550–8508C 823–1123
.K . These ceramic membranes are composed of bar-

ium oxide, cerium oxide and yttrium oxide in the
stoichiometric form BaCe Y O . Metallic nickel0.8 0.2 3

was added to the oxide ceramics to promote nongal-
vanic hydrogen permeation. High hydrogen perme-
ability and thermal stability are critical factors that
determine the successful performance of these mem-
branes. The initial reaction involved in this separa-



tion process is the adsorption of hydrogen at the
membrane surface, where it dissociates, and the ion-
ized hydrogen then passes through the membrane.
The membrane surface plays a critical role in deter-
mining the initial reaction, and it is extremely impor-
tant that we understand the surface properties if we
are to successfully develop the membrane program.

The objective of this research is to characterize
the surface properties of BaCe Y O membranes0.8 0.2 3

with various nickel concentrations at both room
and elevated temperatures. High-temperature X-ray

Ž .photoelectron spectroscopy XPS , high-temperature
Ž .scanning electron microscopy SEM renergy disper-

Ž .sive spectroscopy EDS and atomic-force mi-
Ž .croscopy AFM were utilized in this study.

2. Experimental

The procedure for preparing the BaCe Y O0.8 0.2 3

membranes with 30, 35, and 40 vol.% nickel has
w xbeen reported previously 1 .

XPS spectra were recorded with a Physical Elec-
tronics model 548 X-ray Photoelectron Spectrometer
equipped with a cylindrical mirror analyzer and a

Ž .15-kV X-ray source Physical Electronics . The sys-
tem was routinely operated within a pressure range

y9 y8 Ž y7 y6 .of 10 –10 Torr 1.3=10 to 1.3=10 Pa .
The instrument was calibrated by using the photoe-

Ž .mission lines E copper 2p s932.4 eV and EB 3r2 B
Ž . w xgold 4f s83.8 eV 2 . The binding energies7r2

Ž .were referenced to the C 1s level at 284.6 eV for
adventitious carbon. All reported intensities are ex-
perimentally determined peak areas divided by the
instrumental sensitivity factors. The spectrometer
sample holder is resistively heated and capable of
withstanding temperatures up to 7008C. The XPS
system is equipped with a sample preparation cham-
ber that is separated from the main chamber by a
gate valve. A high-precision leak valve on the sam-
ple preparation chamber permits exposure of the

w xsample to various gases at elevated temperatures 3 .
X-ray photoelectron spectroscopic analysis was also
performed on the membrane samples at room tem-

Ž . Ž .perature, i.e., 218C 294 K , at 5008C 773 K , 6508C
Ž . y5923 K , and after exposure to hydrogen at 6=10
Torr for 1 h at 6508C.

X-ray microanalysis was carried out with a JEOL
ŽModel 840-A scanning electron microscope JEOL-

.840A , which was routinely operated within a pres-
y7 y6 Ž y5sure range of 10 –10 Torr 1.3=10 to 1.3=

y4 .10 Pa . The JEOL-840 A, which is equipped with
a high-sensitivity, solid-state, annular backscatter
electron detector, an ET-type secondary-electron de-
tector, and a Noran Instruments Micro-Z series en-
ergy dispersive spectrometer, was interfaced to a
Noran Instruments X-ray microanalysis system and a
TN-5600 PAC system. Sample temperatures were
obtained by using a Fullam heating substage with a
VWR-1165 refrigerated constant-temperature circu-
lator connected to the heated substage cooling jacket
w x4 . In this series of experiments, the depths of the
X-ray interaction volumes, as computed by the
Kanaya–Okayana equation, were 0.53, 0.51, and
0.54 mm for the 30, 35, and 40 vol.% nickel mem-

w xbranes, respectively 5 .
AFM was conducted with a Quesant Instrument

Model-Resolver atomic force microscope.

3. Results and discussion

3.1. Image analysis

3.1.1. Atomic-force microscopy
AFM was used to determine surface morphology

and surface roughness. The AFM images in the 40-m
scan range, of membranes with 30, 35, and 40 vol.%
nickel, are shown in Fig. 1; AFM images in the 10-m
range are shown in Fig. 2. Membrane surfaces do not
appear smooth; nodular-type structures are apparent
on all surfaces. The size of the nodules decreases
with decreasing nickel concentrations and the nod-
ules appear closer together at lower nickel concentra-
tions. Thus, the amount of nickel influences surface
morphology. Surface roughness, measured as surface
height, was also affected by the amount of nickel in
the membrane. Surface heights for membranes with
30, 35, and 40 vol.% nickel were 0.645, 1.04, and
1.34 m, respectively. Surface height decreased with
decreasing nickel concentration. Initial hydrogen up-
take takes place at the surface of these membranes.
The increase in surface roughness, as observed with



Fig. 1. AFM images of membranes with various Ni concentrations: 40 micron scans.

the increasing nickel concentration, may contribute
to the increase in initial hydrogen uptake at the
surface.

( )3.1.2. Secondary electron imaging SEI
SEI was used to ascertain if morphological

changes occurred in the samples when heated to
Ž y45758C and after exposure to hydrogen gas 2=10

.Torr for 1 h at 5758C. Imaging of the membranes
indicates that membrane surfaces exhibit a nodular-
type structure similar to that observed with AFM.
The appearance of the surface is AfusedB and nod-
ules appear to be larger in membranes with higher
nickel concentrations, as shown in Fig. 3. The im-

ages obtained by SEI are consistent with the images
Ž .obtained by AFM Figs. 1 and 2 .

No apparent morphological changes were ob-
served when the membrane with 30 vol.% nickel was
heated to 5758C and exposed to hydrogen gas at
5758C, as shown in Fig. 4. Similar observations were
noted with membranes that contain 35 and 40 vol.%
nickel.

3.2. X-ray photoelectron spectroscopy

XPS was used to determine the elemental compo-
sition of and oxidation states at the membrane sur-

˚face, at a depth of 50 A. Membrane samples were



Fig. 2. AFM images of membranes with various Ni concentrations: 10 micron scans.

analyzed at room temperature, 5008C and 6508C, and
after hydrogen exposures at 6508C. XPS analysis
was also performed after samples were cooled to
room temperature and reheated to 6508C.

3.2.1. XPS data on nickel
Nickel 2p spectra for membranes with 40 vol.%

nickel at room temperature and 6508C are shown in
Fig. 5. At room temperature, a weak nickel 2p3r2

peak was centered at 855.5 eV, with a satellite peak
visible on the higher binding energy side of the main
peak. This finding indicates that nickel at the surface
of the membrane is oxidized at room temperature.
When the sample was heated to 6508C, the intensity

of the nickel peak increased substantially, as shown
in Fig. 5, indicating that the nickel concentration at
the surface increases at 6508C and migration of
nickel to the surface is favored at high temperatures.
A similar observation of nickel migration to the
surface was observed with the other two membranes.
The nickel peak at 6508C was very narrow and
centered at the binding energy of 852.5 eV, which

w xcorresponds to metallic nickel 6 .
The plot of the ratio of the nickel peak to the

peaks of barium, cerium, and yttrium under differing
experimental conditions for the membrane with 30
vol.% nickel is shown in Fig. 6. Nickel concentra-
tion, relative to the other elements is higher at 5008C



Fig. 3. Photomicrographs at various magnifications from fresh hydrogen separation membranes that contained 30, 35 and 40 vol.% Ni.

and 6508C, and after hydrogen exposures at 6508C
than at room temperature. When the membrane sam-
ple was cooled to room temperature, the relative
nickel concentration decreased. When the membrane
was reheated to 6508C, the relative nickel concentra-
tion increased again. Clearly, nickel preferentially
resides on the surface at high temperatures. The most
substantial change in nickel concentration was ob-
served with respect to barium, while the least was
observed with respect to cerium.

The relative nickel concentrations under differing
experimental conditions for the membrane with 35
vol.% nickel are shown in Fig. 7. The relative nickel
concentration was higher at higher temperatures,
which is similar to the observation when the mem-

Ž .brane contained 30 vol.% nickel Fig. 6 . However,
for the membrane with 35 vol.% nickel, the largest
change in relative nickel concentration was observed
with respect to cerium, whereas the smallest was
observed with respect to barium. The results ob-



Fig. 4. Photomicrographs at various magnifications of hydrogen separation membrane that contained 30 vol.% Ni under differing conditions.

tained from the membrane with 40 vol.% nickel were
similar to those obtained from the membrane with 35

Ž .vol.% nickel Fig. 8 .
BaCe Y O exhibits protonic conductivity that0.8 0.2 3

is significantly higher than its electronic conductiv-
ity. To be suitable for hydrogen separation in a
nongalvanic mode, i.e., without electrodes or electric
power, the ceramic membranes must exhibit ade-
quate protonic and electronic conductivities. The in-
corporation of nickel enhances the electronic conduc-

tivity of the membrane. Hydrogen, initially adsorbed
at the surface, dissociates at the surface to form
hydrogen atoms before becoming ionized. The pres-
ence of nickel at the surface may enhance this initial
surface reaction.

The rate of nongalvanic hydrogen permeation N
through a mixed-conducting membrane is described
w x1 by:

Nss E yh r2 FL, 1Ž . Ž .amb N



Fig. 5. Ni 2p spectra of membrane with 40 vol.% Ni at room temperature and 6508C.

where L is the thickness of the membrane, F is the
Faraday constant, h is the interfacial overpotential,

E is the Nernst potential across the membrane, andN

s is the ambipolar conductivity of the membrane.amb

Fig. 6. Atomic ratios of Ni to Ba, Ce and Y as a function of experimental conditions for membrane with 30 vol.% Ni.



Fig. 7. Atomic ratios of Ni to Ba, Ce and Y as a function of experimental conditions for membrane with 35 vol.% Ni.

Fig. 8. Atomic ratios of Ni to Ba, Ce and Y as a function of experimental conditions for membrane with 40 vol.% Ni.



Both electronic and protonic conductivity contribute
to the ambipolar conductivity. An increase in the
ambipolar conductivity contributes to the increase in

Ž .permeation of hydrogen N through the membrane.
Ž .Eq. 1 can be rewritten as:

E r2 FNshr2 FNqLrs , 2Ž .N amb

and plotting the left-hand side of the equation against
sample thickness yields the interfacial polarization
R and the ambipolar conductivity s , as definedp amb

by:

R s E r2 FN . 3Ž . Ž .p N L™0

Incorporation of a metal phase enhances the hydro-
gen permeation of the membrane in several ways. It
increases the ambipolar conductivity by increasing
its electronic conductivity and it decreases the inter-
facial polarization resistance, both of which increase

Ž .the permeation rate, as shown in Eq. 1 .
The migration of nickel to the surface at high

temperatures will decrease the interfacial polariza-
Ž .tion resistance R and this, in turn, will contributep

Ž .to the increase in hydrogen permeation N of the
membrane. However, if all of the nickel migrates to
the surface, eventually, depletion of the nickel in the
bulk may occur. Such a depletion will decrease the

ambipolar conductivity, and thereby contribute to the
Ž .decrease in the permeation rate, as in Eq. 1 .

w xIt was reported 1 that interfacial resistance domi-
nates in the BaCe Y O membranes at lower tem-0.8 0.2 3

peratures and nickel migration to the surface at
higher temperatures might contribute somewhat to
lowering the interfacial resistance at high tempera-
tures.

The conductivity measured in the presence of 4%
hydrogen of the membranes with 30% and 40%
nickel were 0.03 and 200 V

y1 cmy1, respectively.
Since the conductivity is highest for the membrane

Žwith the 40% nickel the permeation rate 0.1
2 .ccrminrcm is expected to be highest for the

membrane with 40% nickel. The AFM images
showed the highest surface height for the membrane
with 40% nickel. Migration of nickel to the surface
observed at high temperature was also highest for the
membrane with 40% nickel.

3.2.2. XPS data on cerium
The cerium 3d spectra of the membrane with 30

vol.% nickel at room temperature and 6508C are
shown in Fig. 9. The 3d and 3d peaks were at5r2 3r2

882.4 and 899.7 eV, respectively. Intense satellite
Ž .peaks at 886.1 and 905 eV appeared on the higher

Fig. 9. Ce 3d spectra for membrane with 30 vol.% Ni at room temperature and 6508C.



Ž .Fig. 10. Ce 3d spectra of Ce IV oxide at room temperature and
6508C.

binding energy side of the main peaks. A third
satellite peak at the 916.4 eV was also visible. The

Ž .cerium 3d spectrum of Ce IV oxide is shown in Fig.
10. The cerium 3d spectrum of the membrane with
30 vol.% nickel at room temperature was very simi-

Ž .lar to that of the Ce IV oxide standard, indicating

that the cerium in the membrane is in the Ceq4 state
w x7–10 . When the membrane was heated to 6508C,
the structure of the 3d and 3d peaks changed5r2 3r2
Ž .Fig. 10 . The main peaks appeared at 882.8 and
886.1 eV, with strong secondary peaks at a higher

Žbinding energy of the main peaks 886.1 and 904.8
. q3 w xeV , indicating the formation of Ce at 6508C 10 .

The satellite peak at 916 eV was present, but the
intensity of this peak relative to the intensities of the
major 3d and 3d peaks of the heated sample is5r2 3r2

lower than the intensity observed at room tempera-
ture. This again indicates that the membrane with 30
vol.% nickel consists of cerium in the q3 and q4
states at 6508C. The cerium spectrum after exposure
to hydrogen at 6508C was very similar to the spec-
trum before exposure to hydrogen at this tempera-
ture.

The changes in the cerium 3d spectrum for the
membrane with 35 vol.% nickel were very similar to
that of membrane with 40 vol.% nickel, but differed
from the changes noted for the membrane with 30
vol.% nickel. The cerium 3d spectra of the mem-
brane with 35 vol.% nickel at room temperature and
at 6508C are shown in Fig. 11. The satellite peak at

Fig. 11. Ce 3d spectra of membrane with 35 vol.% Ni at room temperature and 6508C.



916.6 eV was not present in these samples, indicat-
ing that cerium is in the q3 state at room tempera-

w xture 10 . At 6508C, the structure of the cerium 3d5r2

peaks changed, with the satellite peaks appearing on
Žthe higher binding energy side of the main peak Fig.

.11 . The satellite peak at 916.6 eV also appeared at
6508C, indicating the presence of Ceq4 in the sam-
ple. Thus, the cerium in membranes that contained
35 and 40 vol.% nickel exists in the q3 state at
room temperature, but changes to Ceq4 at 6508C.
Oxidation of Ceq3 to Ceq4 may be due to an
interaction between cerium and other oxides in the
sample.

Membranes of BaCe Y O are prepared by0.8 0.2 3

adding the dopant material, yttrium, to the BaCeO .3

In BaCeO , cerium is in the q4 state and, during the3

preparation of BaCe Y O , a portion of the Ceq4
0.8 0.2 3

is replaced by yttrium in the q3 state. Because the
Ždopant is in the lower oxidation state less positive

q4 .charge when compared with the original Ce ,
these charges are initially compensated for by oxy-

Ž Y . w xgen vacancies V 11 , as shown in the reaction:0

Yq3
™YP qVY .Ce 0

The oxygen vacancies may be in equilibrium with
electron holes:

VY qO ™O x q2hP,0 2 0

where O x and hP are oxide ions in a normal lattice0

site and hole, respectively.
In the presence of hydrogen, the following reac-

tion can occur and lead to proton conduction:

H q2hP
™2HP.2

Analysis of the membranes by XPS indicates that
cerium is present in the q3 as well as in the q4
state. The presence of Ceq3 may contribute to the
formation of additional oxygen vacancies, which may
contribute to proton conduction. The reason for the
formation of Ceq3 in these membranes is not clear
but it could be due to interaction between metallic
nickel and Ceq4. However, if the concentration of
Ceq3 increases too much, the interaction among the
Ceq3 entities may reduce their mobility and decrease
the conductivity.

The ratio of cerium to other metals in the mem-
brane with 30 vol.% nickel are shown in Fig. 12.

When the sample was heated to 6508C, there was a
slight increase in the cerium concentration with re-
spect to barium and yttrium, but there was a decrease
with respect to nickel. The relative proportions of
cerium in the membranes with 35 vol.% nickel are
shown in Fig. 13. Only the CerY ratio increased
when the sample was heated to 6508C. Similar obser-
vations were noted for the membrane with 40 vol.%
nickel. However, this observation differs from the
observation that was noted for the membrane with 30
vol.% nickel, where both CerY and CerBa in-
creased when the sample was heated.

3.2.3. XPS data on yttrium
The yttrium 3d spectra of the membrane with 40

vol.% nickel at room temperature and at 6508C are
shown in Fig. 14. At room temperature, the yttrium
peak appears to be a single peak at a binding energy
of 158.4 eV. However, at 6508C, a secondary peak

Ž .appears on the higher binding energy side 161.8 eV
Ž .of the main peak at 157.9 eV Fig. 14 . The lower

binding energy of the main peak indicates that
yttrium changes to a less electro-positive state at
6508C. The secondary peak remained after exposure
to hydrogen and after cooling the sample to room
temperature. Similar observations were noted for the
membrane with 35 vol.% nickel, but the intensity of
the secondary peak at 6508C was lower when com-
pared with the membrane with 40 vol.% nickel.
These results differ from those obtained for the
membrane with 30 vol.% nickel, where the binding
energy of yttrium was 156.6 eV at room temperature
and 157.9 eV at 6508C. The secondary peak was not
clearly visible at 6508C. The increase in binding
energy for the main peak indicates that yttrium be-
came more electro-positive at 6508C for the mem-
brane with 30 vol.% nickel. The 3d spectra of pure

Ž .yttrium oxide Y O at room temperature and 6508C2 3

are shown in Fig. 15. A secondary peak was not
observed when the sample was heated to 6508C,
indicating that the changes observed at 6508C in the
yttrium 3d spectra of membranes with 35 and 40
vol.% nickel may be due to the interaction of yttrium
with other elements, and possibly the presence of
nickel, inasmuch as the secondary peak was most
visible with membranes with higher nickel concen-
trations.



Fig. 12. Atomic ratios of Ce to Ba, Ni and Y as a function of experimental conditions for membrane with 30 vol.% Ni.

Fig. 13. Atomic ratios of Ce to Ba, Ni and Y as a function of experimental conditions for membrane with 35 vol.% Ni.



Fig. 14. Y 3d spectra of membrane with 40 vol.% Ni at room temperature and 6508C.5r2

The analysis of the intensities of the yttrium peak
relative to nickel, cerium, and barium for the mem-
brane with 40 vol.% nickel indicated that the yttrium
concentration decreases with respect to other ele-

ments when the sample was heated from room tem-
perature to 5008C and 6508C. The most significant
change was observed with respect to nickel, whereas
the smallest change was observed with respect to

Fig. 15. Y 3d spectra of pure Y O at room temperature and 6508C.5r2 2 3



Fig. 16. Results of microanalysis of hydrogen separation mem-
branes containing 30, 35 and 40 vol.% Ni.

barium. A similar observation was noted for the
membrane with 35 vol.% nickel. A decrease in the
relative yttrium concentration was also observed at
higher temperatures for the membrane with 30 vol.%
nickel; this observation is similar to observations
noted for the other membranes, but the smallest
change was observed with respect to cerium instead
of barium.

3.2.4. XPS data on barium
The XPS barium 3d spectra at room tempera-5r2

ture were very similar to those at 6508C for all three
membranes. The binding energy of 780 eV indicated
that barium is in the q2 state.

For all three membranes, the concentration of
barium with respect to nickel decreased at the higher
temperature. Both BarCe and BarY increased
slightly at higher temperatures for membranes with
35 and 40 vol.% nickel. The observation noted for
the membrane with 30 vol.% nickel differed; only
BarY increased at higher temperatures.

3.3. SEMrenergy dispersiÕe microscopy

3.3.1. X-ray microanalysis
Unreacted membrane prepared at ANL served as

the microanalysis reference material. The data col-
lected from unreacted membranes served as an indi-
cation of the material’s homogeneity. The composi-
tion of the reference material was based on the
stoichiometric ratios of the elements in the fresh

Ž .membrane BaCe Y O .0.8 0.2 3

Single element ratios were not calculated because
some of the L-series spectral peaks of barium and

cerium overlapped. Therefore, the data are presented
Ž .in terms of the ratio of Nir BaqCe . Standard peak

subtractionrdeconvolution was not effective because
of compositional variations and changes that occur
during heating and exposure to hydrogen. Microanal-
ysis results of the membrane with 40 vol.% nickel at
room temperature, 5758C, and after exposure to hy-

Ž y4 .drogen 2=10 Torr for 1 h at 5758C are shown
in Fig. 16. The arithmetic mean and standard devia-
tion of the data for all three membranes are listed in
Table 1.

Ž .The ratio of Nir BaqCe at 5758C was lower
than that at room temperature for the membrane with
40 vol.% nickel, indicating that there is a decrease in
the relative nickel concentration in the X-ray analy-

Ž .sis volume Fig. 16, Table 1 . Analysis volume in
ŽX-ray microanalysis is closer to the bulk 0.5 m

˚. Ž .range than the XPS 50 A volume. The increase in
nickel concentration at elevated temperature, ob-
served with XPS, indicates that migration of nickel
occurs from the bulk to the surface at higher temper-
atures. The increase in nickel at the surface should
be associated with a decrease in nickel concentration
in the bulk region. Such an associated decrease is
consistent with observations noted with the X-ray
microanalysis for the membrane with 40 vol.%
nickel; a decrease was noted in the relative nickel
concentration at higher temperatures. The results of
the analysis after exposure to hydrogen were incon-
clusive.

In the membrane with 35 vol.% nickel, the change
Ž .in the Nir BaqCe ratio after heating from room

temperature to 5758C was not significant as shown in
Table 1. Inconsistencies in data obtained with the
membrane with 30 vol.% nickel precluded the deter-

Ž .mination of compositional changes Table 1 . Lower
nickel concentrations and the overlapping of barium
and cerium peaks may have contributed to this ob-
servation.

Table 1
Ž .Arithmetic mean and standard deviation of Nir BaqCe experi-

mental data obtained from X-ray microanalysis
y5Membrane Fresh 5758C 7.2=10 Langmuirs

of H at 5758C2

40 vol.% 1.3"0.09 0.9"0.07 1.1"0.2
35 vol.% 0.9"0.07 1.1"0.05 1.1"0.06
30 vol.% 0.8"0.05 0.8"0.05 0.75"0.05



Fig. 17.



3.3.2. X-ray mapping
X-ray maps of the three membranes were ob-

tained to determine qualitative changes in elemental
distribution during heating to 5758C and after hydro-
gen exposures at 5758C. The elemental maps of
nickel for the membranes are shown in Fig. 17.
Qualitative analysis indicated that all elements were
uniformly distributed at room temperature and re-
mained uniformly distributed at 5758C, and after
exposure to hydrogen at 5758C.

Nickel is incorporated in the form of nickel oxide
Ž .2–4 mm size and nickel oxide is reduced in the
presence of hydrogen at high temperature during the
preparation of the membranes. Therefore, the nickel
particles are expected to be fine and form a three-di-
mensional network to promote the electronic conduc-
tivity. Uniform distribution of nickel as fine particles
Ž .not large clusters is essential for the formation of
the three-dimensional network.

3.4. Conclusions

The nickel concentration of membranes signifi-
cantly affects their surface properties. Variations in
surface morphology and surface roughness were as-
sociated with nickel concentrations of the investi-
gated membranes. Both AFM and SEM imaging
analysis indicate that membrane surfaces were not
smooth. Instead, a nodular-type structure was appar-
ent on all surfaces. The size of the nodules decreased
with decreasing nickel concentration and the nodules
appeared closer together at lower nickel concentra-
tions. Surface height, which is a measure of surface
roughness, increased with increasing nickel concen-
tration.

Migration of nickel, with respect to the other
elements in the membrane, was observed at the
surface for all of the membranes that were studied
when samples were heated to higher temperatures.
Upon cooling the membranes to room temperature,
the concentration of nickel at the surface returned to
values that were similar to those under preheating
conditions. Migration of nickel to the surface may
enhance hydrogen permeation by enhancing surface
exchange reaction.

In the membrane that contained 30 vol.% nickel,
cerium was in theq4 state at room temperature but
formation of some Ceq3 occurred at 6508C. In the

membranes that contained 35 and 40 vol.% nickel,
cerium was in the q3 state at room temperature, and
in theq4 state at 6508C. Changes in relative cerium
concentration were similar for membranes with 35
and 40 vol.% nickel but differed from the changes
observed in the membrane with 30 vol.% nickel. The
presence of cerium in the q3 state may contribute to
the formation of additional oxygen vacancies, which
may contribute to better proton transport through the
membranes.

Formation of a secondary yttrium peak was ob-
served at 6508C for membranes that contained 35
and 40 vol.% nickel, a finding that differed from the
observations noted for membranes that contained 30
vol.% nickel. The presence of nickel may have con-
tributed to the formation of this secondary yttrium
peak. The relative yttrium concentration decreased
when the membranes were heated from room tem-
perature to 6508C. Changes in the elemental distribu-
tion at the surface appear to be similar for mem-
branes that contained 35 and 40 vol.% nickel, but
differed from changes noted in the membrane with
30 vol.% nickel. The qualitative elemental distribu-
tion observed by X-ray mapping indicated a uniform
distribution of elements in the membranes at room
temperature and at 6508C.
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